response to pathophysiological cues. The present study investigated whether BM-derived cells contribute to the pathogenesis of cardiac hypertrophy, as well as the possible cellular mechanisms involved in such a role. Methods and Results-Lethally irradiated wild-type mice were transplanted with BM cells from enhanced green fluorescent protein-transgenic mice. The chimeric mice were subjected to either prolonged hypoxia or transverse aortic constriction. BM-derived enhanced green fluorescent protein-expressing cardiomyocytes increased in number over time, emerging predominantly in the pressure-overloaded ventricular myocardium, although they constituted Ͻ0.01% of recipient cardiomyocytes. To determine whether BM-derived cardiomyocytes were derived from cell fusion or transdifferentiation at the single-cell level, lethally irradiated Cre mice were transplanted with BM cells from the double-conditional Cre reporter mouse line Z/EG. BM-derived cardiomyocytes were shown to arise from both cell fusion and transdifferentiation. Interestingly, BM-derived myofibroblasts expressing both vimentin and ␣-smooth muscle actin were concentrated in the perivascular fibrotic area. These cells initially expressed MAC-1/CD14 but lost expression of these markers during the chronic phase, which suggests that they were derived from monocytes. A similar phenomenon occurred in cultured human monocytes, most of which ultimately expressed vimentin and ␣-smooth muscle actin. Conclusions-We found that BM-derived cells were involved in the pathogenesis of cardiac hypertrophy via the dual mechanisms of cell fusion and transdifferentiation. Moreover, the present results suggest that BM-derived monocytes accumulating in the perivascular space might play an important role in the formation of perivascular fibrosis via direct differentiation into myofibroblasts. The online-only Data Supplement, consisting of an expanded Methods section, is available with this article at http://circ.ahajournals.org/cgi/content/full/CIRCULATIONAHA.106.650903/DC1.
C ardiac hypertrophy initially allows an overloaded heart to maintain normal function and cardiac output by ameliorating ventricular wall stress; however, progressive ventricular dilatation and heart failure ensue if the causative stress persists. Recent developments in molecular biology and genetics have increased our understanding of the signaling pathways that distinguish and regulate compensatory versus maladaptive features of cardiac hypertrophy. 1 The cellular basis of cardiac hypertrophy involves all cells of the myocardium, and despite a variety of causes, it shares common preceding cell events with heart failure, including cardiomyocyte hypertrophy and interstitial (mainly perivascular) fibrosis. The current model to explain the rapid increase in wall volume after acute pressure overload is cardiomyocyte hypertrophy and proliferation of cardiac fibroblasts. A possible role for other noncardiac cells in cardiac hypertrophy remains unknown.
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Recent advances in stem cell biology have revealed that many types of stem cells can be induced to differentiate into cardiomyocytes. [2] [3] [4] Two different sources of such cardiomyogenic stem cells have been well characterized: bonemarrow (BM)-derived mesenchymal stem cells 5 and cardiacresident stem cells. 6 -9 We and others have studied the potential of BM-derived cells to regenerate cardiac muscle after myocardial infarction. 10, 11 We showed recently that BM-derived mesenchymal stem cells were prominent in the regeneration of myocardial tissue after acute myocardial infarction using a single-cell transplantation technique. Clonally purified BM-derived mesenchymal stem cells 5 mobilized in significant numbers to the peri-infarct region and differentiated into cardiomyocytes, whereas single-cell-derived hematopoietic stem cells contributed little to the cardiomyocyte regeneration. Despite these findings, it remains unclear whether BM-derived cells make any contribution to the pathogenesis of pathological hypertrophy and heart remodeling.
BM-derived stem cells show a broad differentiation potential both in vivo and in vitro, referred to as plasticity. Stem cell plasticity was initially ascribed to transdifferentiation, in which cells differentiate cell-autonomously into fully functional cells. Subsequently, several studies demonstrated that stem cells can spontaneously generate hybrid cells with differentiated cells in vitro, and therefore, cell fusion provides an alternative explanation for many cases of stem cell plasticity. 12 The relative contribution of each mechanism to cardiac regeneration remains unknown. [13] [14] [15] Cardiac hypertrophy is also accompanied by perivascular inflammation and reactive fibroblast proliferation. The accumulation of inflammatory hematopoietic cells surrounding intermuscular coronary vessels precedes the onset of perivascular fibrosis. 16 The resulting interstitial fibrosis is detrimental for the diastolic and systolic stiffness of the myocardium and thus contributes to the transition from compensated cardiac hypertrophy to heart failure. Thus, it is crucial to understand how the inflammatory cell accumulation that occurs in response to pressure overload inevitably causes an increase in perivascular fibroblasts.
The present study examined whether BM-derived cells could be mobilized to hypertrophied myocardium and differentiated into cardiomyocytes by acute pressure overload induced via either prolonged hypoxia or transverse aortic constriction (TAC), and if so, the cellular mechanisms involved (cell fusion versus transdifferentiation). We further characterized the phenotype of BM-derived cells that infiltrated into the perivascular space and examined the role of these cells in the accompanying fibrosis. Illumination of these events and the underlying mechanisms might lead to more effective treatments of cardiac hypertrophy and heart failure.
Methods

Animals
Wild-type C57BL/6 mice were purchased from Japan CLEA (Tokyo, Japan). Enhanced green fluorescent protein (EGFP)-transgenic mice (C57BL/6 background) were a gift from Professor M. Okabe (Osaka, Japan). 17 CAG-Cre mice (C57BL/6 background), which express Cre recombinase ubiquitously under the control of the chicken ␤-actin promoter, were gifted by Professor Jun-ichi Miyazaki (Osaka, Japan). The double-conditional Cre reporter line Z/EG mice (C57BL/6 background) were purchased from Jackson Laboratories (Bar Harbor, Me). All experimental procedures and protocols were approved by the Animal Care and Use Committee of Keio University, Japan.
BM Transplantation
BM cells were harvested from 8-week-old EGFP-transgenic mice. After irradiation with a single dose of 11.5 Gy, the unfractionated EGFP ϩ BM cells (1ϫ10 6 cells) were injected via the tail vein into C57/Bl6 mice (nϭ60). To assess chimerism, peripheral blood cells were collected from the recipient mice 8 weeks after BM transplantation, and the frequency of EGFP ϩ cells among peripheral nucleated blood cells was determined with a fluorescence-activated cell sorter (Becton Dickinson, San Jose, Calif) after hemolysis by ammonium chloride to eliminate erythrocytes.
Determination of Transdifferentiation and Cell Fusion
To distinguish cell fusion and transdifferentiation, we used a Cre-lox recombination system and performed BM transplantation (nϭ30). For the present study, we used CAG-Cre mice as recipients and Z/EG mice as donors and performed BM transplantation. In Z/EG mice, the LacZ reporter gene is ubiquitously expressed under the control of a hybrid cytomegalovirus-enhancer ␤-actin promoter. When Cre-expressing cells fuse with Z/EG cells, Cre recombinase excises the loxP-flanked LacZ reporter/stop cassette in the Z/EG nuclei, which results in expression of EGFP in the fused cells. Hematopoietic reconstitution was confirmed by fluorescence-activated cell sorter analysis based on the frequency of LacZ ϩ cells in peripheral blood cells with the FluoReporter lacZ flow cytometry kit (Molecular Probes, Eugene, Ore). Chimeric mice were then subjected to either hypoxia-induced pulmonary hypertension (nϭ10) or TAC (nϭ10), and an additional 10 mice were used as controls. Hearts from these mice were serially sectioned and stained for the presence of either EGFP ϩ or lacZ ϩ cells. For this study, we used anti-EGFP antibody (Medical & Biological Laboratories, Nagoya, Japan) as a primary antibody and anti-mouse IgG antibodies conjugated with Alexa Fluor488 (Molecular Probes) as a secondary antibody, because the native fluorescence signal from EGFP that resulted from Cre-mediated recombination was not sufficient to detect it on the section. LacZ ϩ cells were detected by 5-bromo-4chloro-3-indolyl-␤-D-galactoside (X-gal) staining.
Statistical Analyses
Values are presented as meanϮSEM. Statistical significance was evaluated with the unpaired Student t test for comparisons between 2 mean values. Comparisons between Ͼ3 groups were performed with ANOVA. A value of PϽ0.05 was considered significant. All other experimental procedures are described in the online-only Data Supplement.
The authors had full access to and take full responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
Results
BM-Derived Cardiomyocytes Integrated Into Hypertrophic Right Ventricles After Induction of Pulmonary Hypertension
Accumulating evidence suggests that BM-derived cells have the potential to migrate and differentiate into a variety of cell lineages during tissue remodeling. The role of endogenous BM-derived cells in the pathogenesis of cardiac hypertrophy, however, remains elusive.
To visualize BM-derived cells in a population, we developed chimeric mice by grafting in EGFP-transgenic BM cells (EGFP-BM transplanted mice). Eight weeks after transplantation, the frequency of EGFP ϩ cells in the peripheral nucleated cells was determined by fluorescence-activated cell sorter analysis. We selected high-efficiency EGFP-BM transplanted mice for subsequent experiments; the mean frequency of EGFP ϩ cells in the peripheral nucleated cells was 98Ϯ3% (nϭ10; Figure 1A ). Initially, the EGFP-BM transplanted mice were subjected to prolonged hypoxia to induce pulmonary hypertension. The right ventricular (RV) systolic pressure was elevated significantly over time in hypoxia-exposed mice (39.6Ϯ4.6 mm Hg at 4 weeks, 45.0Ϯ6.7 mm Hg at 8 weeks; PϽ0.05) compared with normoxia-exposed control mice (22.3Ϯ4.4 mm Hg; Figure 1B ). In accordance with the progression of pulmonary hypertension, RV hypertrophy became evident ( Figure 1D ); the ratios of RV weight to the weight of the left ventricle (LV) plus the septum were increased significantly (31.4Ϯ4.6% at 4 weeks and 34.4Ϯ4.9% at 8 weeks; PϽ0.05) relative to control mice (23.4Ϯ2.7%; Figure 1C ). Radiation did not affect RV systolic pressure or the ratio of RV weight to LV-plusseptum weight (data not shown).
EGFP ϩ /␣-actinin ϩ cells, which indicate BM-derived cardiomyocytes, were observed in hypoxia-exposed mice after 4 and 8 weeks ( Figure 2A ). Mapping of the EGFP ϩ /␣-actinin ϩ cells along the short-axis view demonstrated that these cells existed predominantly in the RV free wall, although a few cells were also observed in the LV free wall ( Figure 2B and 2C). Using the 100 short-axis sections (each 8 m) obtained from the midventricular level of each heart, we counted and mapped the EGFP ϩ cardiomyocytes. Figure 2B shows the map that resulted from a representative sample. Each mark (ϩ) represents 1 EGFP ϩ cardiomyocyte, which indicates that positive cells were relatively scarce in the sections. The number of EGFP ϩ /␣-actinin ϩ cells increased with the progression of RV hypertrophy ( Figure 2D ). In contrast, EGFP ϩ / ␣-actinin ϩ cells were not observed in normoxia-exposed control mice at any time point. The cells that were integrated into the myocardial wall were aligned correctly and were morphologically indistinguishable from the surrounding cardiac muscle fibers. Metaspectrometer measurements confirmed that the green fluorescence was emitted by EGFP Figure 1 . Chimerism of EGFP-BM transplanted mice (GFP-BMT) and generation of RV hypertrophy induced by pulmonary hypertension. A, The frequency of EGFP ϩ cells among peripheral nucleated blood cells was determined by fluorescence-activated cell sorter analysis for circulating EGFP ϩ cells in EGFP chimeric mice and control mice at 8 weeks after BM transplantation. B, Hemodynamic study. RV systolic pressure (RVSP) was measured in mice exposed to either normoxia or hypoxia for 4 and 8 weeks. C, Weight ratio of RV/LVϩseptum (RV/LVϩS). D, Representative gross morphology of the hearts (hematoxylin and eosin staining). RV free wall thickness was increased in pulmonary hypertensive mice compared with control mice (arrowhead). Scale bar: 1 mm.
Figure 2.
BM-derived cardiomyocytes integrated into hypertrophic RVs after induction of pulmonary hypertension. A, BM-derived cardiomyocytes were observed in RV hypertrophied heart, shown by immunostaining for ␣-actinin (red) and EGFP (green; GFP). B, Representative distribution of EGFP ϩ cardiomyocytes in pulmonary hypertensive mice. C, BM-derived cardiomyocytes at RV free wall (RVFW) were twice as abundant as at LV free wall (LVFW) when normalized to volume. *PϽ0.05. D, EGFP ϩ cardiomyocytes increased in accordance with the progression of pulmonary hypertension. E, Metaspectrometer analysis of the green fluorescence. F, Effect of radiation (Rad) on the number of EGFP ϩ cells in the heart before hypoxia. G, Connexin43 expression (red) was determined by immunohistochemistry.
( Figure 2E ). Radiation did not mobilize EGFP ϩ cells to the heart before hypoxia ( Figure 2F ). We also assessed the expression of connexin43, which was stained in punctate between BM-derived EGFP ϩ and resident cardiomyocytes, indicating a functional connection between the endogenous and BM-derived cells ( Figure 2G ).
BM-Derived Cardiomyocytes Integrated Into Hypertrophic LVs After TAC
Strong accumulation of EGFP ϩ cardiomyocytes in hypertrophied RVs in pulmonary hypertensive mice tempted us to speculate that pressure overload might trigger the homing and differentiation of BM-derived cells into cardiomyocyte populations. To address this hypothesis, we next induced LV hypertrophy in the EGFP-BM transplanted mice by TAC. Gross morphological analysis demonstrated the success of this approach ( Figure 3A) . M-mode echocardiographic studies at 4 weeks after TAC revealed increased LV wall thickness (sham 0.7Ϯ0.1 mm versus TAC 1.1Ϯ0.1 mm, PϽ0.05), increased LV end-diastolic dimension (sham 1.4Ϯ0.2 mm versus TAC 2.4Ϯ0.2 mm, PϽ0.05), and reduced fractional shortening (sham 60.0Ϯ3.5% versus TAC 32.2Ϯ5.2%, PϽ0.05; Figure 3B and 3C). Radiation did not affect the LV wall thickness, LV end-diastolic dimension, or fractional shortening (data not shown).
EGFP ϩ cardiomyocytes were detected only when the chimeric mice were subjected to TAC ( Figure 3D ). EGFP ϩ cardiomyocytes at 4 weeks after TAC were found almost exclusively in either LV free wall or septum, and no EGFP ϩ cardiomyocytes were evident in RV free wall ( Figure 3E and 3F). The map shown in Figure 3E was generated as for Figure  2B , with each mark (ϩ) representing 1 EGFP ϩ cardiomyocyte. These were first observed at 2 weeks after TAC and increased in number with time ( Figure 3G ). Together, these findings indicate that the BM-derived cells mobilized and differentiated into cardiomyocytes in a "stressed" chamber-specific manner during the pathogenesis of cardiac hypertrophy.
BM-Derived Cells Differentiated Into Cardiomyocytes via Both Cell Fusion and Transdifferentiation Mechanisms
Two mechanisms have been suggested for the contribution of BM-derived cells to adult tissue regeneration: the de novo generation of tissue-specific cells from BM-derived cells (transdifferentiation) 14, 18 and the fusion of BM-derived cells with preexisting cells. 19 -21 It remains unresolved whether 1 of these mechanisms dominates over the other in their contribution to cardiac regeneration by different stems cells. To address this question in the present model, we used genetic tracing with Cre-loxP technology to discriminate cell fusion and transdifferentiation at the single-cell level. Lethally irradiated Cre mice were transplanted with BM cells from the double-conditional Z/EG Cre reporter mouse line. 22, 23 Cells originating from Z/EG mice constitutively express lacZ, and when Cre-expressing cells fuse with Z/EG cells, Cre recombinase excises the loxP-flanked LacZ reporter cassette in Z/EG nuclei, which results in expression of EGFP in the fused cells ( Figure 4A ). Chimeric rates were obtained by LacZ staining of red blood cell-lysed peripheral blood, and chimeric rates of Ͼ90% were used in the present study. Eight weeks after high levels of donor-derived lacZ ϩ cells were established in the circulation, these mice were subjected to hypoxia before immunohistological analysis of their hearts.
EGFP ϩ fused cardiomyocytes were detected only when the BM-reconstituted Cre mice were subjected to hypoxiainduced pulmonary hypertension ( Figure 4B ). Some of these cardiomyocytes contained 2 nuclei, which supports the idea of cell fusion. Next, we stained the heart for ␤-galactosidase to test for transdifferentiation of BM-derived cells into cardiomyocytes. LacZ ϩ cardiomyocytes were found in the hypertrophic RV ( Figure 4C ), although in lower percentages than the EGFP ϩ fused cardiomyocytes ( Figure 4D ). Interestingly, the LacZ ϩ cardiomyocytes tended to be smaller in diameter than preexisting cardiomyocytes ( Figure 4E) .
Metabolic cooperation or nanotubule formation between Cre-positive recipient cells and adjacent myocytes carrying the loxP sequences can result in translocation of Cre recombinase to the cells and green fluorescent protein expression that is independent of cell fusion. 24 To exclude this possibility, we performed fluorescence in situ hybridization analysis for the Y chromosome (Y-FISH) on the immunofluorescently stained serial sections of mouse heart for (1) the male donor-female recipient combination and (2) the male donormale recipient combination. The Y-FISH analysis for the male donor-female recipient combination revealed that EGFP ϩ cardiomyocytes were positive for the Y chromosome ( Figure 4F ), which indicates that they were derived from donor cells. However, although Y-FISH analysis of the male donormale recipient combination (nϭ10, EGFP ϩ cardiomyocytes; data not shown) was able to detect single Y chromosomes in single EGFP ϩ cardiomyocytes, technical difficulties that arose from the use of thin sections of these large cells precluded detection of 2 Y chromosomes in single EGFP ϩ cardiomyocytes. Thus, we could neither directly show that cell fusion had occurred nor exclude the possibility that Cre recombinase had been translocated independently of cell fusion.
To investigate whether BM-derived cells reprogram to express cardiac-specific genes when they fuse with donor cardiomyocytes, 25 we co-immunostained 20 EGFP ϩ cardiomyocytes with anti-Nkx2.5 antibodies ( Figure 4G ). In all of the EGFP ϩ cardiomyocytes, the nuclei were immunoreactive for Nkx2.5. Although not a direct indicator of reprogramming, this suggested the likelihood of some promotion or upregulation of expression of cardiac-specific genes. Together, these findings indicated that cardiomyocytes were regenerated from BM-derived cells via both cell fusion and transdifferentiation, with fusion possibly being the principal mechanism in response to pressure overload.
BM-Derived Cells Contributed to the Formation of Perivascular Fibrosis
In parallel with cardiomyocyte hypertrophy, pressure overload induces monocyte accumulation and fibrosis in the perivascular space. 16 The proliferation of fibroblasts extends progressively . Cell fusion was predominant over transdifferentiation in the phenomenon in which BM-derived cells differentiated to cardiomyocytes. A, Scheme of the experiment to establish the dominant mechanism of BM-derived cardiomyocyte regeneration by use of the Cre-loxP system. B, BM-derived cardiomyocytes expressing EGFP (GFP) were detected by immunohistochemistry, indicating that these cells were obtained by cell fusion. C, BM-derived cardiomyocytes expressing the lacZ gene were detected by X-gal staining, which marked the transdifferentiation. D, The prevalence of LacZ ϩ cardiomyocytes was much less than that of EGFP ϩ -fused cardiomyocytes. E, The diameter of LacZ ϩ cardiomyocytes tended to be smaller than that of resident cardiomyocytes. F, Y-FISH analysis of sectioned EGFP ϩ cardiomyocytes in male donor-female recipient mice. G, Coimmunostaining of Nkx2.5 in EGFP ϩ cardiomyocytes. *PϽ0.05.
from the perivascular space to the adjacent intermuscular interstitial space. Although monocyte infiltration shares a similar spatial and temporal distribution to the fibrosis, its role in the pathogenesis of myocardial fibrosis remains unknown. To address this issue, we first performed co-immunostaining for CD31 (an endothelial marker), smooth muscle myosin-1, and cardiac actinin. The labeled sections were used to quantify the endothelial cells, smooth muscle cells, and cardiomyocytes ( Figure 5A) . Interestingly, the majority of EGFP ϩ cells were negative for these markers, which suggests that they were other cell types. BM-derived EGFP ϩ cells and fibrosis surrounding the vasculature were both evident at 4 weeks after TAC ( Figure 5B ). Radiation did not affect the induction of perivascular fibrosis (data not shown). EGFP ϩ cells were clustered predominantly in the perivascular fibrotic region, showing a 12-fold higher abundance in this area than in nonfibrotic areas ( Figure 5C ). They decreased in proportion to the distance from the vascular wall ( Figure 5D ). Immunostaining revealed that these EGFP ϩ cells expressed ␣-smooth muscle actin and showed a fibroblast-like elongated form ( Figure 5E ). Most of the EGFP ϩ -␣-smooth muscle actin ϩ cells were negative for smooth muscle myosin-1 ( Figure 5A ), which indicates that they were not mature smooth muscle cells but myofibroblasts in the perivascular area. Some of these cells showed faint expression of MAC-1 and CD14 (monocyte and macrophage markers), which were detected only by use of the Tyramide Signal Amplification Kit (Perkin Elmer, Boston, Mass) ( Figure 5F and 5G ). Most of these did not express MAC-1 or CD14 and had developed a fibroblast-like phenotype.
To confirm that monocytes can develop a myofibroblastlike phenotype, primary cultures of isolated human monocytes were maintained on fibronectin-coated dishes for 14 days and examined by immunofluorescent staining ( Figure  6 ). The isolated monocytes strongly expressed CD45 (a leukocyte marker) and CD11b (a monocyte marker; human MAC-1) after 24 hours in culture; however, at day 14, they had a flattened, fibroblast-like appearance. Expression of CD45 and CD11b was gradually decreased during the time in culture, and at 14 days, Ͼ90% of the monocytes did not express these markers. In contrast, some isolated monocytes weakly expressed vimentin and ␣-smooth muscle actin at 24 hours, but expression of these markers was strong in most cells at day 14. To rule out the possibility of overgrowth by contaminating mesenchymal stem cell-like cells, we selected CD45-negative cells from the initial cells and performed experiments using the same protocols; however, we did not obtain any plate-attached cells from this fraction. Together, these findings showed that the monocytes developed myofibroblast-like phenotypes during long-term culture in vitro. These results indicated that in response to pressure overload, BM-derived cells, most likely monocytes, directly differentiated into myofibroblasts in the perivascular region to participate in reactive perivascular fibrosis. 
Discussion
It is generally believed that cardiac hypertrophy arises from hypertrophy of cardiomyocytes and proliferation of cardiac fibroblasts, and the contribution of BM-derived cells in this process remains unknown. To address the role of BM-derived cells in the present study, we generated BM-transplanted mice from EGFP-transgenic mice and subjected them to either prolonged hypoxia or TAC to impose pressure overload on the RV or LV myocardium, respectively. Consistent with previous studies, negligible numbers of BM-derived cardiomyocytes were present under normoxia or unstressed conditions. However, on exposure to stress, BM-derived cardiomyocytes accumulated in the mouse hearts in a timedependent manner, localized primarily in the pressureoverloaded ventricular myocardium in both the pulmonary hypertension and TAC models. Together, these findings suggested that pressure-induced stress triggers the mobilization and homing of BM-derived cells into the heart for differentiation into cardiomyocytes.
BM-derived cells contributed significantly to cardiomyocyte repopulation in the chronic pressure-overload models. Although only a restricted number of BM-derived cardiomyocytes were detected in these models, we suggest that the contribution of these cells could be much higher in situ. As we have demonstrated previously, BM mesenchymal stem cells but not hematopoietic stem cells contributed to cardiomyocyte regeneration. 15 The chimeric rate of the peripheral blood was Ͼ90% in the present study, but BM mesenchymal stem cells are relatively resistant to irradiation and therefore more difficult than BM hematopoietic stem cells to exchange completely. Thus, the number of BM-derived cardiomyocytes might be underestimated. Moreover, turnover of the cardiomyocytes is considered to be a very slow process, whereas the present results were obtained in a very short time period. In future studies, long-term observations will be required. We assumed that BM-derived cells might play a compensatory role for the loss of nonrenewable, terminally differentiated cardiomyocytes. The functional significance of myocyte loss in the progression to heart failure has been well established through both pharmacological and genetic rescue experiments. 26, 27 Nonetheless, if cardiomyocytes could be differentiated from BM-derived precursors to compensate for the sporadic myocyte loss in chronically remodeling hearts, the progression to heart failure would be delayed or prevented.
It was recently demonstrated that cell fusion-derived cardiomyocytes appeared in the surviving myocardium remote from an infarcted region. 21 Somatic nuclei also have the potential to acquire totipotency through fusion events. 12, 28, 29 BM-derived cells have also been shown to rescue a fetal degenerative metabolic disease in mice by fusing with genetically deficient hepatocytes. 30, 31 Using Cre-lox recombination, we showed here that BM-derived cardiomyocytes arose from both cell fusion and transdifferentiation and that cell fusion might be the major mechanism of this phenomenon. However, these findings require cautious interpretation. It has recently been suggested that metabolic cooperation between Cre-positive cells and adjacent myocytes carrying loxP sequences can result in the translocation of Cre recombinase, with EGFP expression thereby arising independently of cell fusion. 24 In addition, the formation of nanotubules between donor and recipient cells can result in the transfer of Cre recombinase, with the resulting EGFP expression mimicking a fusion event in the absence of the generation of heterokaryons. Unfortunately, we could not directly show, using the present Y-FISH experiments, that EGFP ϩ cardiomyocytes were a result of cell fusion. It was technically difficult to show the simultaneous presence of 2 Y chromosomes in a single EGFP ϩ cardiomyocyte with the use of thin sections of large cells (in contrast to the use of cultured cells). Further studies will be required to resolve this issue.
The frequency of cell fusion and transdifferentiation between BM cells and preexisting cardiomyocytes was increased by mechanical stress but was still limited. Thus, these phenomena might play a restricted physiological role in the maintenance of cardiac function. In particular, it is unclear whether new cardiomyocytes are generated in chronic hypertrophic myocardium by cell fusion. Unfortunately, we failed to detect any mitotic nuclei in the BM-derived fused cardiomyocytes in Ͼ200 hypertrophied hearts. It therefore remains unknown whether new cardiomyocytes are generated by this mechanism.
In addition to BM-derived stem cells, cardiac-resident stem cells might also contribute to cell regeneration in remodeling hearts. Resident myocardial progenitors can be identified by the expression of distinct cell surface markers, such as c-kit or Sca-1. 6, 7 We postulate that these cardiac stem cells also might contribute to cardiomyocyte regeneration in pressureoverloaded myocardium.
Previous work demonstrated the infiltration of inflammatory cells, such as monocytes and macrophages, into the perivascular space in response to pressure overload. This accumulation was observed predominantly in the perivascular space adjacent to intramuscular coronary arteries expressing intercellular adhesion molecule-1 and monocyte chemotactic protein-1. 32, 33 The inflammatory process also plays a causative role in reactive fibrosis, because blocking of either intercellular adhesion molecule-1 or monocyte chemotactic protein-1 function significantly attenuated both accumulation of inflammatory cells and subsequent fibroblast proliferation. 16 However, the cellular mechanism underlying the progression of inflammatory accumulation to perivascular fibrosis remains elusive. It has been proposed that resident cardiac fibroblasts are stimulated by proinflammatory cytokines secreted from the infiltrating immune cells, which then acquire the myofibroblast phenotype and proliferate. Here, we presented new evidence for the direct differentiation of BM-derived MAC-1 ϩ /CD14 ϩ monocytes into vimentinpositive and ␣-smooth muscle actin-positive myofibroblasts and show that this process contributed to the perivascular fibrosis. Both cardiac-resident EGFP Ϫ and BM-derived EGFP ϩ myofibroblasts were detected in the perivascular space. Some but not all BM-derived myofibroblasts coexpressed MAC-1 or CD14, which suggests that the monocytederived myofibroblasts initially expressed both monocyte (MAC-1 and CD14) and myofibroblast (vimentin and ␣-smooth muscle actin) cell markers, subsequently losing the monocytic character as they terminally differentiated into mature myofibroblasts. Results with the primary cultured human monocytes strongly supported this idea.
Circulating monocytes derived from hematopoietic stem cells are precursors to a variety of phagocytes, such as macrophages, dendritic cells, osteoclasts, Kupffer cells, and microglia. However, recent evidence from several groups suggested that monocytes also have the potential to differentiate into nonphagocytic cells, including endothelial-like cells and osteoblast-like cells, in vitro. 34, 35 Consistent with our observation in the present study, BM-derived myofibroblasts have been found in a number of organs, such as gut, kidney, skin, and liver. 36, 37 Finally, perivascular fibrosis can adversely affect LV systolic and diastolic function via increased tissue stiffness. Thus, the present findings suggest that any therapeutic effort to enhance the mobilization of BM cells in cases of heart failure might have both a useful and an adverse effect and would require a cautious approach. Regeneration of cardiomyocytes and vascular cells through enhanced mobilization of BM-derived cells is seemingly beneficial; however, the enhanced differentiation of BM-derived cells into myofibroblasts in the interstitial space may damage cardiac contractile function.
In conclusion, we found that BM-derived cardiomyocytes contributed to the pathogenesis of cardiac hypertrophy. Cardiomyocytes were regenerated via both cell fusion and transdifferentiation, together with perivascular fibrosis in response to the pressure overload. Cell fusion appeared to be the dominant cellular mechanism for the BM-derived cardiomyocyte regeneration. BM-derived monocytes infiltrating into the perivascular space might also play an important role in perivascular fibrosis by directly differentiating into myofibroblasts.
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CLINICAL PERSPECTIVE
Bone marrow (BM)-derived cells are known to have a broad potential to differentiate into various cells in response to physiological cues. It is generally thought that cardiac hypertrophy arises from hypertrophy of cardiomyocytes and proliferation of cardiac fibroblasts, but it remains unknown whether BM-derived cells are involved in this process. We found that BM-derived cells are mobilized and differentiated into cardiomyocytes in the hypertrophied heart of both hypoxia-induced pulmonary hypertension and transverse aortic constriction models. BM-derived cardiomyocytes are observed in a "stressed" chamber-specific manner during the pathogenesis of cardiac hypertrophy. Both cell fusion and transdifferentiation mechanisms are involved in this regeneration process, with fusion possibly being the principal mechanism in response to pressure overload. Moreover, the present results suggest that BM-derived monocytes might play an important role in the formation of perivascular fibrosis via direct differentiation into myofibroblasts, although it is conventionally believed that only resident myofibroblasts contribute to perivascular fibrosis in hypertrophied heart. Our findings suggest that regeneration of cardiomyocytes through enhanced mobilization of BM-derived cells is seemingly beneficial; however, the enhanced differentiation of BM-derived cells into myofibroblasts in the interstitial space may damage cardiac contractile function. Any therapeutic effort to enhance the mobilization of BM cells in cases of heart failure might have both a useful and an adverse effect and would require a cautious approach.
